Heparin and heparan sulfate glycosaminoglycans (HSGAGs) mediate a wide variety of complex biological processes by specifically binding proteins and modulating their biological activity. One of the best studied model systems for protein-HSGAG interactions is the fibroblast growth factor (FGF) family of molecules, and recent observations have demonstrated that the specificity of a given FGF ligand binding to its cognate receptor (FGFR) is mediated by distinct tissuespecific HSGAG sequences. Although it has been known that sulfate and carboxylate groups in the HSGAG chain play a key role by interacting with basic residues on the proteins, there is little understanding of how these ionic interactions provide the necessary specificity for protein binding. In this study, using all of the available crystal structures of different FGFs and FGF-HSGAG complexes, we show that in addition to the ionic interactions, optimal van der Waals contact between the HSGAG oligosaccharide and the protein is also very important in influencing the specificity of FGF-HSGAG interactions. Although the overall helical structure is maintained in the FGF-bound HSGAG compared with unbound HSGAG, we observe distinct changes in the backbone torsion angles of the oligosaccharide chain induced upon protein binding. These changes result in local deviations in the helical axis that provide optimal ionic and van der Waals contact with the protein. A specific conformation and topological arrangement of the HSGAG-binding loops of FGF, on the other hand, impose structural constraints that induce the local deviations in the HSGAG structure, thereby enabling maximum contact between HSGAG and the protein.
Heparin and heparan sulfate glycosaminoglycans (HSGAGs) mediate a wide variety of complex biological processes by specifically binding proteins and modulating their biological activity. One of the best studied model systems for protein-HSGAG interactions is the fibroblast growth factor (FGF) family of molecules, and recent observations have demonstrated that the specificity of a given FGF ligand binding to its cognate receptor (FGFR) is mediated by distinct tissuespecific HSGAG sequences. Although it has been known that sulfate and carboxylate groups in the HSGAG chain play a key role by interacting with basic residues on the proteins, there is little understanding of how these ionic interactions provide the necessary specificity for protein binding. In this study, using all of the available crystal structures of different FGFs and FGF-HSGAG complexes, we show that in addition to the ionic interactions, optimal van der Waals contact between the HSGAG oligosaccharide and the protein is also very important in influencing the specificity of FGF-HSGAG interactions. Although the overall helical structure is maintained in the FGF-bound HSGAG compared with unbound HSGAG, we observe distinct changes in the backbone torsion angles of the oligosaccharide chain induced upon protein binding. These changes result in local deviations in the helical axis that provide optimal ionic and van der Waals contact with the protein. A specific conformation and topological arrangement of the HSGAG-binding loops of FGF, on the other hand, impose structural constraints that induce the local deviations in the HSGAG structure, thereby enabling maximum contact between HSGAG and the protein.
R
ecent advances in developmental biology, cancer biology, and other fields have resulted in a dramatic increase in the number of known important roles for the extracellular complex polysaccharides heparin and heparan sulfate glycosaminoglycans (HSGAGs) (1) (2) (3) (4) (5) (6) (7) . An emerging paradigm in this field is that unique HSGAG sequences specifically bind to a wide range of proteins (2, 5, 6) , including morphogens (1, 7) , growth factors (8) (9) (10) , and enzymes (5, 11) , and influence the physiological state of cells and tissues. Hence it is important to understand how sequence-specific HSGAG-protein interactions impinge on the biological functions of these important signaling molecules.
HSGAGs are complex acidic polysaccharides that are characterized by a disaccharide repeat unit of ␣-D-glucosamine (1 3 4) linked to uronic (␣-L-iduronic͞␤-D-glucuronic) acid. Structural heterogeneity within the HSGAG polysaccharide arises from the number of disaccharide repeat units present, as well as four potential sites for chemical modification in the form of acetylation or sulfation. The sites of sulfation include the 2-O position of the uronic acid and the N, 3-O, and 6-O positions of the glucosamine, making HSGAG one of the most acidic biopolymers. Further, the N position of the glucosamine can also be acetylated. Similar to DNA and fibrous proteins like collagen, HSGAGs adopt a helical structure (12) (13) (14) (15) . The topology and geometry of a HSGAG structure is governed by the backbone torsion angles, which include both the intermonosaccharide glycosidic torsion angles and the pyranose ring torsion angles. Moreover, the pyranose ring of the ␣-iduronic acid can potentially adopt many conformations, including 4 C 1 , 1 C 4 chair, and the 2 S 0 skew boat forms (16) (17) (18) (19) . Although it has been postulated that conformational flexibility of the iduronate ring enhances the specificity of HSGAG oligosaccharides binding to proteins, it is unclear how this and the ionic charges together translate to the required molecular specificity of HSGAG oligosaccharide-protein interactions.
The fibroblast growth factor receptor (FGF) family presently has 23 members and each retains an identifiable, although varying, HSGAG-binding domain (20) . There are numerous levels of evidence implicating the differential ability of HSGAGs in regulating FGF signaling via their cell surface tyrosine kinase receptors (FGFR). For example, it has been observed that the specificity of a given FGF to a FGFR is mediated by what appear to be distinct tissue-specific HSGAG sequences (10, (21) (22) (23) (24) . In addition to the biochemical evidence for FGF-HSGAG interactions, several cocrystal structures of FGF-HSGAG and FGF-FGFR-HSGAG complexes have been solved (25) (26) (27) (28) . Although the cocrystal structures illustrate the differences in the interactions between the different FGF-FGFR-HSGAG ternary complexes and diversity in the oligomerization states of FGF-1 and -2 in these complexes, they do not shed much light on the specificity of HSGAG-FGF interactions. Biochemical studies have indicated nanomolar affinity for FGF-2 to heparin and heparin-derived oligosaccharides (29) . Such nanomolar affinities can not be explained purely on the basis of nonspecific charge interactions between sulfate groups of HSGAG and the basic amino acids on the protein. Furthermore, the HSGAG-binding sites on the protein have largely been described at the primary sequence level through the Cardin-Weintraub heparinbinding consensus sequences (9) . In addition, it is unclear as to how the ionic charges and iduronate conformational flexibility in the HSGAG, taken together with the distribution of basic charges on the protein, provide the necessary protein-binding specificity.
In this study, we performed a detailed conformational analysis of all of the FGF-HSGAG and FGF-FGFR-HSGAG cocrystal structures and identified characteristic conformational properties on the HSGAG oligosaccharide and the HSGAG-binding site on FGF that govern their interactions. The results of our analysis indicate that, in addition to the ionic interactions identified in the crystal structures, optimal van der Waals contact between the oligosaccharide and the protein is also important in influencing the specificity of FGF-HSGAG interactions. Although the overall HSGAG helical structure is maintained when bound to FGF, a kink in the helical axis is induced upon FGF binding. This kink is formed by a change in the backbone torsion angles, which cause local conformational changes in the HSGAG structure. In addition, the ability of the iduronic acid in HSGAGs to adopt multiple ring conformations enhances the formation of the kink and governs the nature and degree of the kink. The kink provides optimal ionic and van der Waals contact with the protein. Furthermore, a specific conformation and topological arrangement of the HSGAG-binding loops imposes structural constraints on the HSGAG backbone and thus induces a kink. Moreover, the distinct spatial distribution of basic amino acids in the HSGAG-binding loops on different FGFs influences the distribution of sulfate groups in the interacting HSGAG chain. Thus, both the loop topology and the spatial distribution of basic residues are key structural features on the protein that provide optimal ionic and surface complementarity for HSGAG binding. (27, 28) , the stoichiometric ratio FGF-1:HSGAG was 2:1, where a single oligosaccharide bridged two FGF-1 monomers (without any protein-protein contact) related by an approximate twofold symmetry about an axis perpendicular to the helical axis of the oligosaccharide. Obviously, the interactions between each of the FGF-1 monomers with the oligosaccharide were different, and one of the monomers had significantly more favorable contacts with the oligosaccharide than the other. For all of our conformational analysis studies, the FGF-1-HSGAG complex involving the monomer with more favorable contacts was considered. FGF-2 was cocrystallized with a tetra-(PDB ID code 1BFB) and hexasaccharide (1BFC). Because the oligosaccharide chains in the two structures are superimposable, the hexasaccharide cocrystal structure was used in this analysis. In the case of the FGF-2-FGFR1 cocrystal structure, the heparin oligosaccharides were diffused into preformed dimers of FGF-2-FGFR1 complexes, resulting in a 2:2:2 stoichiometric ratio. Consequently, the coordinate data sets for two different HSGAG oligosaccharides (chains E and F), one for each complex, were obtained.
Methods
Modeling Unbound Oligosaccharide Structures. HSGAG disaccharides (I 2S H NS,6S ;) with the iduronic acid in the 2 S 0 and 1 C 4 and the glucosamine in the 4 C 1 ring conformations were modeled by using the bond lengths, bond angles, and ring geometries obtained from the cocrystal structures. Using the NANDH program (30), the glycosidic linkage torsions were explored to generate oligosaccharides (hexa-and octasaccharides) of unbound HSGAG satisfying the 2 1 -helical symmetry with an axial rise of 8.4-8.7 Å per unit [consistent with fiber diffraction and NMR data (12, 14) ]. From these oligosaccharide structures, one structure for each iduronate ring conformation was chosen as the reference ''unbound'' HSGAG structure. Modeling was carried out using the Builder and Viewer Modules of INSIGHT II (Accelrys, San Diego).
Calculation of Local Helical Parameters nL and hL.
For all of the HSGAG oligosaccharides in the cocrystal structures, the successive disaccharide units starting from the nonreducing end (I0-H1, H1-I2, I2-H3, etc.) were repeated in space ( Fig. 1A) with the experimentally observed backbone torsion angles. Each disaccharide unit could be repeated in space by using two sets of backbone torsion angles, namely, p ij s ij p ijϩ1 s ijϪ1 and p ij s ij p ijϩ1 s ijϩ1 (e.g., H1-I2 could be constructed by using p 11 s 11 p 22 s 20 or p 11 s 11 p 22 s 22 ; Fig. 1 A) . For an infinite helical repeat of every disaccharide unit, the number of units per turn and the axial rise per unit were calculated by using NANDH (30) . The number of units per turn was designated as local number of turns (n L ) and the rise per turn was designated as local axial rise (h L ), because these values pertained to only a theoretical repeat of a local disaccharide unit and not the entire HSGAG oligosaccharide.
Docking Oligosaccharides into HSGAG-Binding Sites of FGF-2 and -7.
The hexasaccharide obtained from FGF-2-HSGAG cocrystal structure (kinked hexasaccharide) and two modeled unbound hexasaccharides (uniform helical structures) with iduronate either in the 1 C 4 or 2 S O conformation were used for the docking studies. The AMBER force field for carbohydrates (31), modified to include sulfate and sulfamate groups (32) , was used to assign the potentials for the proteins and oligosaccharides. The starting position and orientation of the modeled hexasaccharides relative to FGF-2 and -7 was fixed by manually docking them onto the HSGAG-binding site of the protein. The manual docking was performed by using the FGF-2-HSGAG cocrystal structure as a guiding framework to ensure that the sulfate groups were positioned to interact with the HSGAG-binding pocket on the proteins. Also, the starting position of the kinked hexasaccharide relative to FGF-7 was obtained by superimposing the ␤-trefoil scaffold of FGF-7 onto the FGF-2 in the FGF-2-HSGAG cocrystal structure. The interaction energy between the oligosaccharide and protein was minimized by using 200 iterations of steepest-descent minimization, followed by 300 iterations of Newton-Raphson method, which resulted in convergence. During the minimization, a restraining force with a force constant of 5,000 kcal͞Å was applied to restrict the ring torsion angles of the oligosaccharides to experimentally observed values, and on the protein side only the loop regions constituting the HSGAG-binding site were allowed to move freely. All of the minimization runs were performed by using the Discover module of INSIGHT II. The minimization parameters for Orientation and chain direction of the HSGAG oligosaccharide relative to sheets S1, S2, and S3 (red) of a ␤-trefoil scaffold of FGF whose C␣ trace is such that the pseudoaxis of threefold symmetry is roughly perpendicular to the plane of the paper. The orientation of the oligosaccharide (indicated by green circle) is at a slight angle to the plane of the paper between S1 and S3. The oligosaccharide interacts with the basic residues (blue) in the loop regions (in gray, numbered 1-3). The observed chain directions are such that either the nonreducing or reducing end is projecting out of the plane of the paper.
AMBER force field were set according to the INSIGHT II manual. The electrostatic and van der Waals interaction energy between protein and oligosaccharide were computed by using the Docking module of INSIGHT II. Because these calculations are performed for rigid-body docking without any dynamics incorporated, the values of interaction energies reflect only the relative strength of the interaction and not the actual energy of interaction between the molecules in solvent.
Results and Discussion
Despite the varying sequence homologies between the members of the FGF family (20) , all of the proteins share a ␤-trefoil structural fold. The ␤-trefoil fold comprises of three antiparallel ␤-sheets, S1, S2, and S3 (each containing four ␤-strands A, B, C, and D), that are stacked in a triangular fashion to form a pyramid-like arrangement (Fig. 1B) . The HSGAG-binding site on FGF contains three surfaceexposed loop regions, including one large loop (loop3) between S1 and S3 sheets and two small loops in S1 (loop1) and S3 (loop2) of the ␤-trefoil scaffold. On the other hand, HSGAGs adopt a 2 1 symmetry helical structure with two disaccharide units per turn (n ϭ 2) and an axial rise per disaccharide unit of h ϭ 8.3-8.7 Å, as determined by x-ray fiber diffraction of sodium and calcium salts of heparin and heparan sulfate (12, 13) and NMR analysis of heparin (14) and heparin-derived oligosaccharides (33) in solution.
The observed FGF-HSGAG interactions (summarized in Fig.  1B) indicate that the orientation of the oligosaccharide chain relative to the HSGAG-binding site of FGF is approximately the same. However, two different chain directions (nonreducing to reducing and vice versa) relative to FGF have been observed in the cocrystal structures. Importantly, the number of ionic interactions between oligosaccharides and protein are almost identical in both of these chain directions. This emphasizes the need to investigate structural properties beyond ionic interactions to gain a full appreciation of the relative importance of the chain direction in governing FGF-HSGAG interactions. Detailed conformational analysis of the FGF-HSGAG structural complexes showed that in both the chain directions, there are not only optimal ionic, but also van der Waals contacts between the protein and oligosaccharide. These optimal contacts are a result of distinct conformational changes in the backbone of the HSGAG oligosaccharide induced upon protein binding.
Conformational Analysis of Protein-Bound HSGAGs Reveals a ''Kink''
in the Helical Axis of the Oligosaccharides. Although the FGF-bound oligosaccharides maintain the overall 2 1 helical symmetry, a kink was observed closer to the reducing end in the case of the FGF-1-bound oligosaccharide structure and to the nonreducing end in the case of the FGF-2 bound oligosaccharide structure ( Fig.  2A) . The kink spans three monosaccharide units where an iduronate is flanked by two glucosamines (H-I-H). The end-to-end distance of the trisaccharide-spanning kink is around 11 Å, which is approximately the same dimension as the HSGAG-binding pocket of FGF-1 and -2. The trisaccharide-spanning kink is structurally identical (superposition of the backbone atoms resulted in Ͻ1 Å rms deviation) in oligosaccharides bound to FGF-1 and -2. To quantify the kink in the FGF-bound HSGAG oligosaccharides in terms of its effect on the helical symmetry, the local helical propensities of the constituent disaccharide units (n L and h L parameters) were calculated ( Table 1 ). The n L values of all of the constituent disaccharide units are around 2.0 with minor deviations within experimental error indicating that the overall 2 1 helical symmetry of the HSGAG oligosaccharide is maintained. On the other hand, there is a significant reduction observed in the h L values from 8.4 to 7.7 in the case of the FGF-1-bound and from 8.7 to 7.6 in the case of the FGF-2-bound HSGAG oligosaccharides (Table  1) . These lower h L values reflect the higher curvature of the kink compared with that of the uniform helical structure of the unbound HSGAG oligosaccharides (Fig. 2 A) . The trisaccharide-spanning kink region has been observed to make the most contact with the protein in both the FGF-1 and -2 cocrystal structures.
Of particular interest is the observation that the kink is maintained in the FGF-2-FGFR1-HSGAG cocrystal structure despite the fact that the direction of the chain relative to the FGF-2 is reversed compared with that in the FGF-2-HSGAG cocrystal structure. This observation suggests that irrespective of the chain direction, the geometry of the HSGAG-binding site in FGF-1 and Table 1 ) of the oligosaccharide (blue) relative to the unbound oligosaccharide (red). The nL and hL values of the constituent disaccharide units of the oligosaccharide bound to FGF-1 and -2. The nomenclature for monosaccharides and the glycosidic torsion angles is shown in Fig. 1 A. The two sets of angles (p 11, s11 and p13, s13) that result in a kink are shown in boldface.
-2 appears to require the formation of a kink in the oligosaccharide to maximize contact with the protein. Taken together these studies indicate that both charge and surface complementarity (quantified by van der Waals contact) of the HSGAG oligosaccharide become important structural features that govern their specific interactions with different proteins.
Kink Is Formed by Local Deviation in Torsion Angles and Degree of
Kink Is Enhanced by 1 C4 Conformation of Iduronate. It is important to point out that the kink in FGF-bound oligosaccharides is local, in that the oligosaccharide backbone is eventually restored to the original helical structure. The kink formation is associated with only two torsion angles, p 1j and s 1j (Table 1) . A change in the torsion angle s 1j alone caused the oligosaccharide to bend below the helical axis, whereas a change in p 1j alone led to a bend above the helical axis (Fig. 2B) . Therefore, changes in both of the torsion angles together restore the orientation of the helical axis after forming the kink (Fig. 2B) . The degree of the kink in the helical structure is augmented by the 1 C 4 conformation of the iduronate ring in the H-I-H trisaccharide because this conformation positions the glycosidic bonds axially, thereby causing a sharp bend in the uniform helical structure. Alternative iduronate conformations and glucuronate containing structures provided less specific binding with FGF. For instance, an iduronate in the 2 S 0 ring conformation positioned the glycosidic bonds more equatorially to the ring, forming a more extended structure with lower curvature and thereby providing lesser contacts with FGF. Similarly, a ␤-Dglucuronate with 4 C 1 ring conformation positioned the glycosidic bonds in an equatorial fashion with respect to the ring, thereby forming a more extended helical structure than the 1 C 4 iduronate ring conformation. Therefore, an analogous trisaccharide containing the glucuronate in the 4 C 1 conformation (even with the same sulfation state) is expected to have a much lower affinity for FGF-1 and -2 based on the ability to form a kink. The specific structural features determining the shape of the kink observed in the FGFbound oligosaccharides are attributable to the anomeric configuration, the ring conformation, the linkage between the monosaccharides, and the glycosidic torsion angles. Although dermatan sulfate contains the flexible iduronic acid, it does not form the kink observed in the FGF-bound HSGAG oligosaccharides because of differences in the monosaccharide unit (␤-D-galactosamine vs. ␣-D-glucosamine in HSGAG) and the linkage (1 3 3 vs. 1 3 4 linkage in HSGAG). This provides a plausible explanation for the inability of sulfated chondroitin and dermatan glycosaminoglycan to compete with HSGAG for FGF-2 binding (34) .
To understand the role of the iduronic acid in FGF-2 binding, Tabeur (25, 26) . Importantly, the N-sulfate of the nonreducing end glucosamine and 2-O-sulfate of the iduronic acid, which are a part of the trisaccharide, contribute to the majority of the interactions with FGF-1 and -2. The ionic interactions are critically dependent on the orientation of these sulfate groups in the HSGAG-binding site of the protein. Projection of the sulfates on a helical wheel (Fig. 3) indicated that their orientation in the proteinbound and unbound oligosaccharides differed significantly. Further, the distance between the N-sulfate of the glucosamine and the 2-O-sulfate of the iduronic acid is lower in the region of the kink in comparison with the uniform helical structure (Fig. 3) . Thus, the changes in the orientation of specific sulfate groups to maximize contact with the protein influence the bending of the helical axis of the oligosaccharide structure to form the kink.
To quantify the optimal surface complementarity provided by the kink, both the kinked oligosaccharide and an oligosaccharide with a uniform helical structure were docked into the binding site of FGF-2. The electrostatic and van der Waals component were extracted from the total interaction energy for each complex. For the complex with kinked oligosaccharide, these values were lower by 11 and 25 kcal͞mol, respectively. These results clearly suggest that the kinked oligosaccharide provides more favorable ionic and van der Waals contact with FGF compared with the oligosaccharide with the uniform helical structure.
To understand the biochemical implications of our structural findings, we interpreted the results from a recent study that identified HSGAG sequences with graded affinities (low, moderate, and high) for FGF-1 and -2 (10). The ability of these octasaccharides to form the specific trisaccharide-spanning kink with the appropriate sulfation pattern was evaluated. It is important to point out that the number of sulfate groups is about the same for both the low-affinity and moderately high-affinity binders. However, the affinity of the octasaccharides to FGF-1 and -2 correlated with Note that in C the 2S2 is closer to the 6S2 (Upper) and there is a significant increase in the 6S1-NS2 axial distance and a decrease in the NS2-2S2 axial distance (Lower), compared with the unbound structure shown in B. Note that in E the 6S1 is closer to the NS2 (Upper), there is interchange of the 2S1 and NS1 (Upper), and there is a decrease in the NS2-2S2 axial distance and an increase in the 2S1-6S1 axial distance (Lower), compared with the unbound structure shown in D.
the propensity of the oligosaccharides to form the specific trisaccharide-spanning kink (see Fig. 6 and Supporting Text, which are published as supporting information on the PNAS web site, www. pnas.org).
Analysis of HSGAG-Binding Sites on FGF.
The topology of the HSGAG-binding site in FGF-1 and -2 is that of a narrow pocket containing a lysine at the base of the pocket (toward the N terminus of loop 3) and other basic amino acids (lysines and arginines) on the periphery of the pocket (Fig. 4) . Lys-125 in FGF-2 or Lys-118 in FGF-1 has been shown to interact with the critical N-sulfate and 2-O-sulfate groups of the high-affinity region (that forms the kink) of the oligosaccharide chain (25, 26) . The distribution of the peripheral basic amino acids becomes important while considering the direction of the HSGAG chain, as discussed above. Analysis of the HSGAG-binding site in FGF-2 revealed that the distribution of the amino acids K135, Q134, N27, R120, K119, and K129 facilitates favorable ionic interactions with the specific sulfate and carboxylate groups of the oligosaccharide for both nonreducing to reducing end and opposite chain directions (Fig. 4) . For example, Q134 and N27 are positioned to interact with the critical 2-O-sulfate and N-sulfate groups of the oligosaccharide chain in one direction, as well as with the corresponding N-sulfate and 2-O-sulfate groups of the chain in the opposite direction. Similarly, there is a correspondence between K119 and K135 and between R120 and K129 in terms of their interaction with the sulfate and carboxylate groups of the oligosaccharide chain in either direction. Thus, the overall topology of the HSGAG-binding site (governed by the conformation of loops 1-3) and the distribution of basic residues (such as the location of a lysine at the base of a narrow pocket) could potentially impose specific structural requirements on the oligosaccharide chain, such as the formation of the kink and distribution and orientation of specific sulfate groups.
To compare the loop topology and spatial distribution of basic amino acids in other FGFs, we extended our analysis of the HSGAG-binding sites to FGF-4, -7, and -9, whose crystal structures were recently solved ( Table 2) . Although these FGFs are generally known to bind HSGAGs, there is no direct structural evidence for their interaction with HSGAG oligosaccharides. Most surprisingly, superposition of the C␣ trace of the ␤-trefoil scaffold in all of these FGFs resulted in the HSGAG-binding loops to almost coincide on one another. In fact, the rms deviation for superimposing the C␣ trace of loop regions in all of the FGFs was between 0.45 and 0.75 Å. However, the spatial arrangement of basic amino acids and their side chain conformation in the loop regions were significantly different (Fig. 5) . These results led us to propose that the specific topology of the HSGAG-binding loops and the spatial arrangement of the basic amino acids in these loops provide a ''signature'' for the HSGAG-binding surface on different FGFs. The structural signature associated with the HSGAG-binding surface on FGF necessitates the formation of the kink and impinges on the distribution of sulfate groups in the oligosaccharide chain for optimal ionic and van der Waals contact.
Comparison of FGF-2-HSGAG and FGF-7-HSGAG Interactions. The putative HSGAG-binding amino acids in FGF-7 (Table 3) were identified by docking the oligosaccharide structure (obtained form FGF-2-HSGAG cocrystal structure) into the proposed HSGAGbinding site (see Methods). As stated earlier, the spatial arrangement of the basic residues in the HSGAG-binding site is remarkably different for FGF-2 and -7. Specifically, the amino acid in FGF-7 corresponding to the critical K125 at the base of the narrow HSGAG-binding pocket in FGF-2 is V143. In addition to the variation in this critical basic amino acid, the peripheral basic amino acids in FGF-7 are more spread out in comparison to the localized distribution of basic amino acids in FGF-2 (Fig. 5) . Thus, the differences in the arrangement of the basic amino acids would potentially impose different structural requirements in the HSGAG oligosaccharide chain binding to FGF-2 and -7.
A quantitative basis for these differential requirements was . The narrow pocket formed by loop2 and loop3, containing the critical K125 residue at the base of the pocket, causes the oligosaccharide chain to kink to provide optimal ionic and van der Waals contacts. K125, Q134, and N27 interact with the critical N-sulfate and 2-O-sulfate groups of the trisaccharide-spanning kink region in both of the chain directions. The other basic residues are distributed on the periphery of the binding site such that they can interact with the oligosaccharide chain in either direction. 
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Sequence of the loop regions that were structurally superimposed is shown, where the HSGAG-binding basic residues are indicated in bold. The putative HSGAG-binding residues in FGF-4, -7, and -9 were identified by using the FGF-HSGAG cocrystal structures as a guiding framework. obtained by comparing the interaction energies of the HSGAG oligosaccharide (obtained from FGF-2-HSGAG cocrystal structure) bound to FGF-2 and -7. These interaction energies were computed by docking the oligosaccharide into the HSGAG-binding site of the FGFs (see Methods). Although the van der Waals component of the interaction energy was roughly the same for both of the FGF-oligosaccharide complexes, the electrostatic component of the FGF-2 complex was lower by 32 kcal͞mol than that of the FGF-7 complex. This suggests that although the topology of the HSGAG-binding site on FGF-7 could potentially impose a kink similar to that of the FGF-2 bound oligosaccharide, the distribution of sulfate groups in this oligosaccharide does not provide the optimal charge complementarity with the spatially distributed basic amino acids in FGF-7. Thus, an oligosaccharide comprising a kink forming motif (H-I-H) and a wider spatial distribution of sulfate groups would provide optimal ionic and van der Waals contact with the binding site of FGF-7. A wider spatial distribution of sulfate groups can be achieved by the presence of a glucuronic acid in the sequence. Glucuronic acid residues present in a HSGAG chain provide a longer helical repeat length, because of the equatorial positioning of the backbone oxygen atoms (O1 and O4) and the 4 C 1 chair conformation of the ring. Although it has been shown that distinct HSGAGs differentially bind to FGF-1͞FGF-2 and FGF-7 (36), much less is known about the structural basis for these differential affinities. Our study provides a structural framework to design experiments that compare specific binding affinities of defined HSGAG oligosaccharides to FGF-2 and -7.
Summary.
In this study we demonstrate that FGF-HSGAG interactions are driven by factors that are more profound than simple ionic contacts. These factors are influenced by the structure and conformation of the HSGAG oligosaccharide chain, the topology, and the spatial arrangement of positively charged amino acids in the HSGAG-binding sites of different FGFs. Specifically, we showed that binding to protein causes local conformational changes in the HSGAG backbone, resulting in the formation of a ''kink'' in an otherwise uniform helical structure. The formation of the kink in the HSGAG structure is associated with changes in the glycosidic torsion angles at a trisaccharide level (H-I-H) and the changes in the iduronate ring conformation. The kink thus represents a ''signature'' associated with the ''fit'' between a unique HSGAG sequence and the protein to which it specifically binds. On the protein side, we demonstrated that the topology of the HSGAG-binding site governed by conformation of three specific loop regions in the ␤-trefoil scaffold is identical in all of the FGF crystal structures. However, the spatial distribution of the basic amino acids in the binding site is different. Thus, the specific topology of the HSGAGbinding loops and the spatial arrangement of the basic amino acids in these loops impose distinctive structural requirements on the oligosaccharide chain for the different FGF-family members.
We also analyzed cocrystal structures of HSGAGs with other proteins, including antithrombin (AT-III), foot and mouth disease virus protein, annexin V, and the NK1 domain of hepatocyte growth factor, to determine whether a kink was induced in these protein-bound oligosaccharides (see Fig. 7 and Supporting Text, which are published as supporting information on the PNAS web site). Our analysis of all these protein-HSGAG cocrystal structures showed a deviation in the protein-bound HSGAG backbone, resulting in the formation of a kink, thus pointing to a broader implication for our findings. Comparison of the structurally homologous amino acids (obtained by superimposing the HSGAG-binding loops) in the HSGAG binding site of FGF-2 and -7. The basic amino acids K and R are bolded.
